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ABSTRACT
For modern high load compressors, an excellent stability-enhancing capability by casing treatment (CT) is desirable.
However, it is very time consuming to accomplish effective CT design. In this study, a new combined CT structure
composed of axial skewed slots and end-wall injection, was proposed to be installed in transonic axial compressors
to improve the overall performance. Considering the high computation cost for CFD simulation of the flow field in
transonic compressor, a Gaussian Process Regression (GPR) surrogate model combined with Latin hypercube
sampling, was utilized to predict compressor performance. For optimization process, a multi-objective evolutionary
algorithm (NSGA-Ⅱ) was adopted to obtain the Pareto-optimal front. The main geometric parameters of the slot and
the mass-flow rate of injection were selected as design parameters, with the peak efficiency and pressure ratio being
two objectives. The results indicated that the surrogate model works well in capturing the key features of the
concerning target and accelerating the optimization process. The optimal scheme of the combined CT was found
able to increase stall margin (SM) by 19.5% with low efficiency penalty, showing a better performance than the
reference combined casing treatment (CCT) scheme. What’s more, the analysis results of entropy generation showed
that the superior effect of optimized scheme (OPT) can be attributed to the improvement of exchange flow in slots
and the decreased loss in the whole passage.

1. INTRODUCTION
With the development of aerospace, energy and chemical industries, increasingly high requirements for axial
compressors in practical application scenarios are posed, e.g. operating stability and high load. However, under
transonic working condition, flow separation tends to be intensified and even blocks the flow passage, which may
cause the rotating stall and surge (Wennerstrom, 1990; Han, 1999). Therefore, researchers have put forward numerous
control techniques to enhance the operating stability of axial compressor over the last 50 years (Hergt et al., 2013;
Tang et al., 2017; Houghton and Day, 2012), which can be divided into two categories: passive and active. The passive
control method features simple structure and easiness to implement, but may not work well under varied operating
conditions and produce additional loss (Wang et al.,2019). The active control method, on the contrary, involves
relatively complex structure, yet its advantage lies in the flexibility of control effect by adjusting the parameters
according to the state.
The optimal design of CTs has always been critical issue, which is helpful for improving the performance of the
compressor. However, it is very time consuming to realize effective CT due to the difficulty to determine its effect on
SM improvement before test. Hence, in order to design an excellent stability-enhancing CT with little efficiency
penalty, different optimization strategies have been put forward. Abdus et al. (2008) chose the angles of sweep, lean,
and skew as design variables, while the polynomial response surface approximation, Kriging, and radial basis neural
network were utilized respectively. A 1.4% relative increase in peak efficiency was obtained using radial basis neural
network. Kim et al. (2013) optimized a transonic axial compressor with circumferential casing grooves by adopting a
weighted-average surrogate model. Three design variables including the tip clearance, blade tip angle, and depth of
the grooves, were chosen during the optimization process. The results of steady state simulation indicated that the
optimized CT increases the stall margin by 5.13% with the peak efficiency decreased by only 0.18%. Jiang et al. (2019)
studied a novel CT based on the bimodal Gaussian function curves, which is optimized by a genetic algorithm with
the Kriging model and orthogonal design. Three different configurations were simulated and the result showed that
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CT influenced the vortex topology significantly, the casing and blade tip treatments can reduce leakage flow rate by
13.73% and lead to a 5.39% decrease of total pressure loss. Ba et al. (2020) introduced a novel axial slot casing
treatment, and a series of new parameters controlling the meridional profile were put forward besides the conventional
design parameters like the height, length and position. The optimization process was carried out based on NSGA-II
and Kriging surrogate model, and the Pareto front was obtained considering both stability and efficiency. The optimal
result shows improvement of the stall margin by 11.23% with the peak efficiency reduced by 0.21%.
On the other hand, scholars have done much research on combining both passive and active CTs due to the limitation
of individual method. Kim et al. (2013) combined the injector with grooves. The simulation results showed that the
combined CT increased the SM and the peak efficiency by 6.08% and 0.6%, respectively. The combination of two
structures also reduced the entropy near the shroud and decreased the low-velocity region remarkably. In a follow-up
study, Kim et al. (2013) discussed the influences of the length and height of the grooves and the mass flow rate of the
injection on the performance of compressor, using a hybrid multi-objective evolutionary algorithm based on NSGAII. The optimized combined CT improved the SM and peak efficiency by 8.585% and 0.96%, respectively. An obvious
correlation was also found between the decrease in the peak adiabatic efficiency and the expanding SM. Dinh et al.
(2015) added an ejection structure in the grooves on the basis of Kim's work, the influences of the length and the
height of the grooves, the mass flow rate of injection/ ejection on the total pressure ratio were studied. They found
that the loss of the total pressure ratio of the transonic axial compressor decreases compared with the case in which
the groove combined with injection only. The influence of mass-flow rate on stall margin was found smaller than that
of geometric parameters. However, current studies on combined CTs mainly focus on the leakage flow on the blade
tip, while the reduced mass flow in the lower part of the blade caused by the additional structure is also worth noting
according to Müller et al. (2011).
In this study, a new combined CT composed of axial skewed slots and end-wall injection is introduced for an axial
transonic compressor in order to enhance the stability of compressor and reduce the efficiency penalty. A surrogate
model was presented using Gaussian Process Regression (GPR) model and then a multi-objective evolutionary
algorithm (NSGA-Ⅱ) was adopted to obtain a global Pareto-optimal front for the design of such combined CT. The
width and depth of the slots as well as the mass-flow rate of injection, were selected as the design variables. The
performance and flow characteristic are analyzed through steady-state simulation. What’s more, the analysis of
entropy generation in the flow passage was also conducted to explore the working mechanism of the newly proposed
CT for superior effect on flow control.

2. MODEL DISCRIPTION
NASA rotor 67 known for typical stall phenomena at the blade tip when operated close to surge, is taken as the
research object in this paper. The number of blades is 22, the design speed is 16043 r/min, and the design pressure
ratio is 1.63. The rotor operates at a design mass-flow rate of 33.25 kg/s. Detailed geometric data are referred to the
literature (Chima and Strazisar, 1982), and the schematic is shown in Figure 1.
nlet
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Outlet

Shroud

Hub
-5.87

-2.47
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Figure 1: Geometric design of NASA rotor67.
Liu et al. (1987) showed that the axial skewed slots perform best with regard to stability enhancement of rotor under
the same area ratio and length of slot, hence such structure is adopted as shown in Figure 2. The initial main structural
parameters are shown in Table 1. The starting point of the slot is located at the leading edge of the rotor tip. In addition,
the end-wall injection is introduced by groove at the hub. The groove is placed at 90% of the chord length with a width
of 1mm, as shown in Figure 3, and the original mass-flow rate of injection is 0.01kg/s.
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Figure 2: Geometry of axial skewed slots.
Table 1: Basic parameters of axial skewed slots.
Parameters
Value
Depth
11mm
Width
3mm
Number of slots
6
percent of slot area
50%
Skewed angle
45°

Figure 3: Geometry of injection groove.
The computational domain is discretized into multi-blocks of structured grids, as shown in Fig. 4(a). The mesh of
blades is covered by the O-blocks, which are used to accurately predict the boundary layer flows. The rest passage
domain is filled up with the H/J/C/L-blocks generated using the software TurboGrid in ANSYS Workbench 17.0. The
grids in the slots and groove form an individual block created by the meshing tool ICEM. The dimensionless parameter,
y+, is kept below 3. The total number of grids inside the passage is 1.5 ×10 6, with each single axial skewed slot and
injection groove being resolved with 2×104 and 1.5×104 grids, respectively.

(a)
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(b)
Figure 4: Local computational domain and grids. (a) passage grid;(b) three-dimensional view.
The simulations are carried out in the CFX solver using RANS model with the energy equation considered. The SST
k-omega turbulence model is used to the discrete equations. The physical time step is 5 ×10 −4s with the residual target
of 1×10−6. A single passage computation is performed considering the periodicity. The total pressure and temperature
of inlet and the mass flow rate of outlet are given as 1.0 atm, 288.15 K and 33.25kg/s, respectively. No-slip wall
condition is specified on walls, and the “frozen rotor” is used for the rotor-to-stator interface. As reported by Prince
et al. (1974), the steady flow distribution is what matters for the effect of casing treatment, hence the study was carried
out for steady state simulation. The numerical model for the single rotor was validated against the experimental data
previously (Liu et al., 2020), and the results showed a satisfactory prediction of performance curve with a relative
error within 3%. The grid independence of the computations was also tested.
It should be noted that the mass-flow rate at the inlet and outlet of the flow passage is no longer conserved with the
injection, so the general formula of isentropic efficiency is not applicable. According to the method adopted by Wang
et al. (2009), the modified efficiency formula considering the injection could be obtained as follows:
𝛾−1

𝛾
𝑃
( 𝑜𝑢𝑡 )
−1
𝑊𝑎
𝑃𝑖𝑛
(1)
𝜂𝑖𝑛 =
=
𝑊 (𝑇𝑜𝑢𝑡 ) − ( 𝑚𝑖 ) ∗ ( 𝑇𝑖 + 𝑚 /𝑚 )
𝑖𝑛
𝑖
𝑇𝑖𝑛
𝑚𝑜𝑢𝑡
𝑇𝑖𝑛
Where 𝑊𝑎 is the required isentropic compression work , W is the actual work done, 𝑃𝑜𝑢𝑡 is the outlet pressure, 𝑃𝑖𝑛 is
the inlet pressure, 𝛾 is the specific heat ratio, 𝑇𝑖𝑛 is the inlet temperature,𝑇𝑜𝑢𝑡 is the outlet temperature, 𝑇𝑖 is the
temperature of the injection, 𝑚𝑖𝑛 is the mass-flow rate of inlet, 𝑚𝑜𝑢𝑡 is the mass-flow rate of outlet and 𝑚𝑖 is the massflow rate of injection.

3. OPTIMIZATION PROCEDURE
The efficiency and pressure ratio were determined as the optimization objectives since Ba et al. (2020) found that a
trade-off correlation between efficiency and SM can be obtained from the optimization results, meanwhile the
computational expense can be decreased. The depth of slot, number of slots, skewed angle of slot and mass-flow rate
of injection were selected as the design variables through parametric studies. The range of variables are shown in
Table 2, and the design points, were selected by the screening method. The values of the objectives at these design
points were calculated and the results were used to construct the surrogate model.

Variables
Depth of slot
Number of slots
Skewed angle
Mass-flow rate of injection

Table 2: Design space
Low bound
9.9mm
4
30°
0.001kg/s

Upper bound
18.4mm
8
75°
0.03 kg/s
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Then the Gaussian Process Regression (KRG) is chosen to fit and forecast the data, since it is suitable for the regression
problem of low dimension and small sample compared with other surrogate models e.g. response surface. The error
between prediction results by the surrogated model and those by RANS is within 0.1%, which indicates that the model
can meet the accuracy requirement. To achieve an ideal compromise between the two objectives, a multi-objective
evolutionary algorithm NSGA-Ⅱ is applied to obtain a global Pareto-optimal front. The maximum number of
evolutionary generation, population size, crossover rate and mutation rate are set as 50, 200, 0.8 and 0.005,
respectively. In addition, to ensure the application of compressor, the optimization procedure is executed with a massflow rate near the original design point. The optimization results are shown in Figure 4. It’s obvious that the Paretooptimal solution resembles a convex front, indicating a trade-off correlation that higher peak adiabatic efficiency is
always accompanied by lower SM and vice versa. One point on the Pareto front is chosen as the optimal scheme
(OPT), the parameters of which are shown in Table 3.
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Figure 4: Optimization results.
Table 3: Parameters of OPT scheme.
Variables
Skewed angle
Depth of slot
Number of slots
Mass-flow rate of injection
Isentropic efficiency
Pressure ratio

Value
60°
11.28mm
6
0.0076kg/s
90.46%
1.6114

4. RESULT AND DISCUSSION
The definition of the SM of compressor is:

π*NS m*NPE
(2)
SM=( *
− 1)×100%
πNPE m*NS
Where π*NS and m*NS represent the pressure ratio and mass-flow rate near the stall point, π*NPE and m*NPE represent the
pressure ratio and mass-flow rate near the peak efficiency point.
3.1 Performance Analysis
Figure 5 shows a comparison of performance curves for different schemes, in which SC, CCT, OPT represent the
smooth casing scheme, the combined casing treatment schemes before and after optimization, respectively. The
simulations were carried out at the design rotating speed with various back pressures. It is obvious that the application
of combined CT expands the stable operating range with relatively large efficiency penalty in CCT scheme, while in
OPT scheme the surge is further postponed with the efficiency penalty decreased compared to CCT. The SM of SC,
CCT and OPT schemes are 10.8%, 25.53%, 30.55% respectively, indicating the stability of compressor is improved
significantly after optimization.
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Figure 5: Comparison of performance curves.

3.2 Analysis of Leakage Flow
To study the effect of stall postponing of different schemes, a comparison of leakage flow at stall point of SC is
shown in Figure 6. It’s obvious that there are three vortices in Figure 6 (a), i.e. leakage vortex, induced vortex and
separation vortex (Hu et al. 2015). The leakage flow at the leading edge of the blade presents a nearly
circumferential pattern and blocks the passage. The induced vortex is nearly perpendicular to the main flow and
intersects with the leakage vortex. Besides, the low-velocity fluid separates under the shear action of the wall
boundary layer and forms a separation vortex. The flow loss near the tip increases and compressor tends to get
unstable with significant reduction in efficiency.
In Figure 6 (b), there is no apparent blockage and the development of leakage vortex is suppressed because of the
introduction of slots. The growth of the separation vortex at the trailing edge is also restrained since the injection
increases the momentum of low-velocity fluid, thus the range of stable operation is expanded. However, the
phenomenon of the flow crossing into an adjacent passage still exists. In Figure 6 (c), the leakage flow is
significantly improved. There is no obvious expansion when the leakage flow moves downstream, further reducing
its influence area. In addition, the fluid close to the blade flows along the surface without boundary layer separation.
It is further demonstrated that a well-designed CT can improve the stability of the compressor remarkably by
eliminating the vortexes.

(a)

(b)

(c)

Figure 6: Comparison of leakage flow at stall point of SC (a) SC;(b) CCT;(c) OPT.

3.3 Analysis of Flow Field
Figure 7 shows a comparison of Mach number (Ma) contour at 80% span of different schemes at near design point.
In Figure 7 (a), the shock wave occurs and forms a shape of "λ" with main flow. A high Ma region (HMR) occurs and
the boundary layer separates at the trailing edge, resulting in a low-velocity region near the outlet of the passage. In
Figure 7 (b), the casing wall and the flow passage are both changed partially by slots, the location of the shock wave
moves forward to the leading edge, the intensity of shock wave is also decreased. The thickness of the boundary layer
as well as the area of low-velocity region are significantly reduced. Brandstetter et al. (2016) concluded that the effect
25th International Compressor Engineering Conference at Purdue, May 24-28, 2021
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of slots could be accounted for by the so-called exchange flow, i.e. flows with higher static pressure in the downstream
blocking area of shock waves are pumped into slots, accelerated, and then injected upstream to the leading edge. In
this regard, in CCT scheme, the injection replenishes the fluid at lower part of the blade and increases the radial
momentum in the passage at the same time, improving the suction effect of exchange flow and hence the stability.
However, when the exchange flow in the slots reach its maximum, excess flow near the slots will increase mixing loss
and even block the passage (Fan, 2015). In Figure 7 (c), the excess flow is prevented by being pumped timely with
enhanced exchange flow and weakened injection. The value of Ma in HMR reduce, hence the turbulence intensity and
mixing loss. Accordingly, the improvement on stability enhancement and efficiency is a mutual balance of slot
structure and injection parameters.
Number
1.50
1.42
1.34
1.26
1.18
I.II

1.03
0.95
0.87
0.79
0.71
0.63
0.55
0.47
0.39
0 .32
0 .24
0. 16
0.08
0.00

(a)

(b)

(c)

Figure 7: Comparison of Ma contour at 80% span. (a) SC;(b) CCT;(c) OPT.

3.4 Entropy Analysis
In the last several years, a new method based on local entropy generation (Kock and Herwig, 2004; Nan et al., 2016)
was developed for analyzing loss mechanisms and identifying entropy quantitatively. In this study, in order to further
clarify the mechanism of the effect of combined CT on stability enhancement, the entropy generation in the concerning
flow passages is analyzed. Since steady state simulation was conducted for the adiabatic compressor system, the
entropy generation in the compressor can be calculated from numerical RANS results as follows (Zhang et al., 2019):
𝑘 𝜕𝑇̅ 𝜕𝑇̅ 𝛼𝑡 𝑘 𝜕𝑇̅ 𝜕𝑇̅ 2𝜇𝑠̅̅̅𝑠
𝜀𝜌̅
𝑖𝑗 ̅̅𝑖̅
𝑗
(3)
𝑆𝑔̇ ,𝑙𝑜𝑐𝑎𝑙 = 2
+
+
+
2
̅
𝑇 𝜕𝑧 𝜕𝑧 𝛼 𝑇 𝜕𝑧 𝜕𝑧
𝑇
𝑇̅
Where 𝛼𝑡 is the turbulent thermal conductivity, “ ̅ ” means the numerical Reynolds averaged parameters, 𝑘 is thermal
conductivity; 𝑇 is local temperature of fluid; μ is fluid dynamic viscosity, 𝑠𝑖𝑗 is shear strain rate, 𝜌 is density and 𝜀 is
turbulent dissipation rate.
Figure 8 shows a comparison of contour of 𝑆𝑔̇ ,𝑙𝑜𝑐𝑎𝑙 and backward streamline in the slot. The exchange flow is obvious
in Figure 8(a). However, there is a flow blockage near the wall in CCT scheme, in addition, the strong shear force
increases entropy generation rate significantly and hence flow loss. In Figure 8(b), as the depth increases and the
injection weakens, the excess flow near the tip decreases, hence the exchange flow is enhanced with lower entropy
generation rate after optimization, and the SM is further increased with lower efficiency penalty.
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Figure 8: comparison of contour of 𝑆𝑔̇ ,𝑙𝑜𝑐𝑎𝑙 and backward streamline. (a) CCT;(b) OPT.
Furthermore, to determine the region which brings about the most entropy generation and compare the influences
between CCT and OPT, the whole passage is divided into three parts, including upper section, lower section and main
flow section, as shown in Figure 9. The total entropy generation of each part is calculated according to Eq. (3), and
the relative variation of loss is defined as follows:
𝐿𝑂𝑅𝐼 − 𝐿
∆𝐿 =
(4)
𝐿𝑂𝑅𝐼
Where 𝐿𝑂𝑅𝐼 represents the loss of SC scheme, 𝐿 represents the loss of CCT or OPT scheme.

Up of the blade

Main flow of the blade

Down of the blade

Figure 9: Schematic drawing of control volumes.
The relative variation of loss is shown in Table 4. Apparently, the effect of loss reduction in CCT scheme mainly
concentrates in the lower region since the mass flow in the lower part of the blade is replenished and the flow
separation is inhibited, while the loss of main flow and upper region both increase because of strong shear action of
flow. The total loss in the whole passage, however, decreases by 2.68%. On the other hand, the total loss in OPT
scheme is 6.21% lower than the original scheme. The main effect still lies in the lower region, in addition, the loss of
upper region and mainstream region both decrease just as entropy analysis indicated.
Up
CCT
OPT

-0.03%
6.04%

Table 4: Relative variation of loss.
Down
Main
18.49%
21.21%

-2.07%
1.47%

Sum
2.68%
6.21%

5. CONCLUSIONS
An optimization process based on NSGA-Ⅱ and GPR of a novel CT structure combining axial skewed slots and endwall injection, is proposed in this paper. The analysis of performance curve, leakage vortices, flow field and entropy
generation in three schemes are studied by numerical analysis. It was found that the selected optimal representative
design, OPT, were superior to the reference design, the SM is increased by 19.5% with little efficiency penalty, greatly
expanding the stable operating range. The optimized CT structure embodies a mutual balance of slot geometric
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parameters and injection rate. The superior flow control performance by the optimized structure can be attributed to
the improvement of exchange flow, and the reduction of flow loss throughout the whole passage is also confirmed via
entropy generation analysis.

NOMENCLATURE
𝜂𝑖𝑛
T
P
𝛾
m
π
̇
𝑆𝑔,𝑙𝑜𝑐𝑎𝑙
𝑘
𝛼
μ
𝜌
𝜀
𝑠𝑖𝑗
∆𝐿
L
Subscript
in
out
i
NS
NPE
t
SC
c

isentropic efficiency
temperature
pressure
specific heat ratio
mass-flow rate
pressure ratio
entropy generation rate
turbulence kinetic energy
thermal conductivity
fluid dynamic viscosity
density
turbulent dissipation rate
shear strain rate
relative variation of loss
loss

K
Pa
kg/s
W/K·m³
J
Pa·s
kg/m³
1/s
W

inlet
outlet
injection
near stall
near peak efficiency
turbulent
SC scheme
CCT or OPT scheme
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